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INTRODUCTION

Tursiops @5 among the most ecologically diverse
cetacean genera, with different populations occu-
rr:.ri:nE affshore and inshore niches. Inshore ETouns
sometimes spend hours, dayvs, or @ven weeks in
Freshewater nvers or lakes connected to the sea
while offshore groups may be sten hundreds of
miles at sea. The genus Tersiops also haz a wide
distribution: different individuals from wvarious
populations might be seen over a north—south
range covering abowt 8% of the distance from the
Arctie and Antarctic circles to the equator during
the course of a vear,

Dolphin brains probably have evolved in re-
sponse to their ecological niches [Wood and
Evanz, 1980; Eidgway and Wood, 1938). Since
boitlerase -::l-:_:-l]':'ni.n:, are diverse in distribotion,
ecology, and adult body zize, a comparative study
of hrairy giwe among acdult ci.:_:-l::lhin:_-'. of different

bottlencse dolphin populations around the world
might shed light on the relationship between brain
size, body size, and ecology. 1 have not completed
such a study, but in this chapter | review pub-
lished information on the brain of the genwsd
Tursiops and provide some comparative data with
other genera and among a few different bottlenose
dolphin populations. In addition, T intend this
chapter to guide readers toward the relevant brain
literature and introduce them to some of the
problems posed by the large, convoluted brain of
the bottlencse dolphin (also see Ridgway, 1536a).
In this brief discussion, 1 have not mentioned
the thalamus (see Kmuger, 1959}, the wventricles
(MeFarland et al., 196%), the fissure pattern of the
convexity hemispheres (Morgane ef ol 1980),
many nuclei such as the red nucdeus, the basal
ganglia, and other structures. These features
are deseribed in some of the literature 1 have
cited.

The Ratibie Dafphia. Cropenght © 1990 Acsdemie Press, Ire. Al mighis of seprodocsan in ssy fers resernld. 1)



d0 san M. RIDGWAY
BRAIM SIZE

In keeping with their diverse body sizes and
habitats, cetaceans have variably sized bramns,
ranging from 200 g in adult francscanas, Ponloporia
blairoillei, and susus, Platanista gangetios, to a re
ported high of 5200 g for the largest odontooste,
the sperm whale (Kojima, 1851). Although 16
sperm whale brains averaged just over TENK g ard
brains of myslicetes can weigh 26800-7800 g, cer-

tain species of the family Delphindae, a group of
amall- 4o medivm-sized odontoeetes which in-
cludes the bolllenose -::iL:IE:I|:'.i|1_. have the highest
braim size bo bedy size ratin among cotaceans.
Oy in this family have animals with a body size
withipn Daro or throee multiples of human body
size attpined similar brain weights, for example,
Tursops (Fig: 13 about 1500 g, Steno 1400 g, and
Lagemorhyncfus 1300 g,

The adult male bottlencse dolphun of 172 kg

Figure 1 Ventral surface of the brain of an adull bottlenose dolphin. SgF, Sagittal fissure; ON, oplic nerve;
TN, trigeminal necve; OT, optic tract; TL, temporal lobe: FN facial nerve; AN, auditory nerve.



body weight Lizled in Table 1 had & brain of 1629 g
with an encephalization quotient almost four and
one-half times larger than an average mammal of
Lhe same size {cf. Jenson, 1973 Weod and Evans,
19800, The bottlenose dolphin's closest rval in
brain size, other than a few related delphinids and
humans, is the gorilla, Gorills gordila. A male gorilla
of 172 kg had a brain of 570 g (Jerison, 1973,
p- 393).

While some authors (e.m., Lilly, 1962, 1984)
have viewed the large dolphin brain az an indica-
o of high intelligence and possibly even of
language capability, others such as Tomilin (1988)
have regarded the large dolphin brain simply az an
adaptation to a specalized aquatic life. Questions
about delphin intelligence and lenguage remain
largely unanswerad, and there is no general agree-
ment as to what adaptations 1o aquatic life could
be responzitle for a large brain, Sirenians, mam-
mals also totally adapted to an aquatic existence,
have relatively small brains.

Some dala on brain and body sizes of adult
dolphins (Sergeant of al., 1973, list matunty eri-
taria) from the coastal western MNorth Atlantic and
Gulf of Mexice, North Pacific, and easters Nordh
Atlanlic or Mediterranean Sea are griven in Table 1,

BRAINS OF CAPTIVE DOLPHING

FPiller [1933} EUEEE'RI:E'J that d-:_':-|]:l'."|in:_~." briins
shrink as much as 30% when the animals are
maiglained n ciphvaty, This h:.-'p-:_':l;hl:.&;ia. i5 mot
based on dolphin data but instead mainly on
comparisons of domestic and wild species of land
rarnmizls, In reviewing some of Pilleri’s sources, |
found thal the early land mammal studics men-
tioned in his table had been questionad by Hem-
mer {(1976), who concluded that these studics
often were based on unfounded comparizons be-
tween wild and domestic groups; for example,
domestic animals were compared with species (hat
were ol Elnﬁe]}' related 1 E:lh:f‘l-uﬂq'n:,'. Moreowrer,
a study by Fram and Stephan (1975) on the tzee
shrewr, T.'Jlt:'.?l'n? gl'."s. p-rl:'&-'.-'ld-.‘:ri- evidance which com-
tracdicts Pillerd's suggestion that captivily causes a
reduction in braisy gwza. Fram and E:t_'i:-h.'m chiz-
sected and weighed the brains of a group of
recently trapped wild tree shrows, When they
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compared these brains to the brains of captive-
reared offspring whose parenls came from the
same population az the wild group, Fram and
Stephan found that the brains of the captive-
reared fTee shrews were significantly larger.

Although Fillers's hypothesis about captive dol-
phins appears questionable, it is true thal poor
nutrition st critical stages of eady brain develop-
ment can result in retardation of brain growth, For
example, animals removed from the wild belore
weaning might be vulnerable to such retardation if
their nuirilional requirements are not mel during
the first weeks or months of captivity. In addition,
mammalian brain size depends on age. An indi-
vidual's brain reaches full size just before or soon
after sexual matueity and than slowly sheinks, In
humans Y0-80 years old the brain is more than
1) g smaller, on average, than in 19-20 year olds
(Gpector, 1956), We know something about the
growth of dolphins” brains to matunty (Budgway,
1986a), bul we know nothing of their shrinkage in
old age. The question of whether a dolphin's brain
shrinks with age can only be answered if careful
records are kept on an adequate sample of speci-
mens whose brains are examined and weighed at
death,

Because Pilleri's {1983) statement on dolphin
brain atrophy has been repeated by othars (e.g.,
Meith, 1983), it prompted me to analyze postmor-
tem records to lesl whether or not bottlenose
dolphing’ brains became relatively smaller with
increasing numbers of vears in caplivity. Figure 2
15 a regression of body length to brain weight ratio
against vears in captivity for 18 adult Atlantic
boltlencse dolphins, Mote that there is no signifi-
cant difference in this ratio belween newly cap-
tured animals and those that died after having
been in captivity for 5, 10, or more vears.

SHAFPE AND GROWTH OF THE
DOLPHIN BRAIN

in the embryvonic slage, the delphin brain, like
those of other mamm ils, is somewhat ﬂt:-]ung i
shape (longer than wide) {Kamiva and Pirled,
1974). By the midfetal stage the odontocete brain
APPEATS gh:ﬂ:nula:r and by the late fotal stage the
bratn is wider than long, s it s in the adult (Figs. 1
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Tabhle 1

Broin and Gody Stee of Adult Bedtlenose Delphins

BdL B Broty
Category S jcm) {gh (kg Souroe
. Marth Atlantic and Mediterranean Kl 24 2020 Tilledi and Gikhr [1570)
HE5 3 1530 Fitlest and Gikr (19700
3 230 2.230 Filleri and Gihr (1470
2 220 2.240 Filleri and Gihe (1970
Sl =0 2010 Pilleri andd Gihe (18700
F 290 e 1.5856 Webeor (1597)
Mean 00 I35 2.053
5.0 i& 25 0.137
. Morth Pactlic s 291 2 15011 Ridgway {unpublished)
E ) 55 L.67E Ridgway {unputlished)
3| Tl 210 L.555 Rid gway {unpublished)
e | FAh JES 1.641 Ridgway and Brownsan (1975
hean 250 249 1.705
5.0 11 = 0125
W. Marth Atlandic coastal F 240 141 1.568 Fruager (15539)
F 255 156 1653 Kruger (1%33)
F 256 154 L.707 Kruger (1959)
F 240 177 1.558 Ridgway and Brownson [15979)
F 251 151 1.673 Eidgway and Brownson [1574)
F 4 164 1.6 Ridgway and Brownson (1574
M 57 LB 1.54%9 Richgway and Brownson {1574
| T4 170 1405 Radgway amd Boownson (197%)
M 252 152 LE2S Ridgwiy and Browensan (1974)
M 240 170 1.524 Ridgway and Brownson (1979
F 245 172 1624 Ridgway and Brownson (1579)
F 235 120 1,256 Riclpweay of aof, (19464)
F 244 10 1.35% Ridgway et al. (12H7)
b Pt 165 | 378 Ridgway ef al, {1987]
F IF7 fdi) 1.112 Ridgway ef ol {1967}
F 240 145 1.457 Bidlgway & 2, [1987)
i 251 197 1.6k HidEwm_.' e el [1987)
F 242 225 1.410 Ridgway o 2l (15567
b 263 185 1.724 Ridgway {unpublished)
Mean el 165 1,540
5.0 a4 s [.172

4 Thata aze given lor sex, body lengih (BAL), Ledy swetght (BdW) and brain watight {Bm'v| of adult botterdsn dolphins ffom three
dafferens geographic areas: eastem Narlh Atantic and Medierancan, easiern North Pagilic, ara wesien Morth Atlanzic Ceastal
finctuding, Gulf of Mexicol. Sprecimens lzeen the lieratune wene judied 16 e matume i ghay sxseecil the mean adalt lengih criteria of
Sargeant #f al. (1573} Some animals that did nes exceed the mean adult bength are ircluded Because they wene detezeined o be
sexvally mature by other means. Fre example, the 227 cm female had two célspring with 10 years intervening belween the twi. The
awerage bobllenoge dalphin female seauld oot Be segually manane at Li7 em.
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Figure 2 Each point represents the ratio of brain weight to body length for a single battlenase
dalzhin brain. The dashed ling iz a linesar regression which shows no sigml’in:..am dilferenoe in
the brain weight to body length ratio over periods ug 10 13 vears in captivity,

and 3). In posinatal mysticete brains, length and
width are more similar. A dolphin bramn viewed
from the medial aspect of a sagittal section shows
that the height is also great compared with the
length. An S-shaped curving of the neural axis
leaves the axis of the forebrain almost perpendicu-
lar o thal of the mudbrain, giving the impression
that the forebrain rotated ventrally during devel-
opmenl.

The human brain grows leom just under 25% of
its adult weight at birth to full development in
abomat 17 or 18 yvears. [ T. Bonner states, “In man
there seems to be an extraordinary prolongation of
vauth, and this permits the beain to conbinue its
expansion. The period of dependency on parents
is increased 50 that the period when learning can
occur becomes relatively long™ {Bonner, 19800,
Kesarev (1971) has pointed out that human corlex
dE"‘.-'-EJG_FIi I'.|"|E:i|'|]_':.' in the |::l||:1.|n.::.:| years, but that
some lower primates are born with cortical forma-

tion abowt 50% of the adult complement, Kesarev
stistes, “The earliest to appear and the latesl 1o
conclude thelr development in man are those
formations of the neocortex which may be con-
sidered phylogenetically as the most recent and
are associated with the most complex forms of
cepebral -:'|Cl.'i"."j1."__.-', pre.qent -|'.||::||_-.-' iy 1man, the 'i:nl:q'g:r:l-
tive and analytical functions,”

DE'J]:lhi.I'l:il:lE aré alsg born with brains at an
advanced stage of development. A long mestation
period, aboul 12 months in bottlenose dolphins, s
needed s0 the neonate can swim and engage in
activities requiring a more mature brain. [n eight
Atlantic ooastal  bottlenose  dolphins, neonatal
brain weight averaged 42.5% of mean adult weight
(Ridgway and Brownson, 1984) (Fig, 30, By wean-
ing age at L& months, bolllencse dolphin braing
are pver B0% of mean adult weight, a stage not
reached |.'l_':.' human beains untal 3 or 4 WEACE. laule
bottlenose dolphins do not reach sexual maturity



CENTRAL MWERVOUS SYSTEM 73

B
-
=
L]
E- L ]
:_
E &
w Tl
—
o
] ] -
& -
= . 4
E Ll —
; ."———-r—-—:-__——.-____.._,
9 B [
o »
= o L
.f,c | . .
=
m

g L | [ l [ |

0 2 4 [ 3 B 10 12 14

YEARS IN CAPTIVITY

Figure2 Each paint reprosents the ratio of brain widght to body length for o single bottlenose
dalphin brain. The dashed line is a linear regression which shows no significant difference in
the brain weight 10 body length ratio over periods up ta 13 years in captivity,

and 3. In postnatal mysticete brains, length and
width are more similar. A dolphin brain viewed
from the medial aspect of a sagittal section shows
that the height 5 also great compared with the
length, An S-shaped curving of the neural axis
leaves the axis of the forebrain almost perpendicu-
lar to that of the midbrain, giving the impression
thal the forebrain rotated ventrally during devel-
opment,

The human brain grows from just under 25% of
its adult weight at birth lo ull development in
aboul 17 or 18 years, |. T, Bonner states, “In man
there seems to be an extraordinary prolongation of
vouth, and this permits the brain to continue its
expansion. The period of dependency on parents
is increased 5o that the perod when learming can
potur becomes relatively long” (Bonner, 1980).
Eesarev (1971) has pointed out that human cortex
develops mainly in the postnatal years, but that
some lower primates are born with cortical forma-

tion about 80% of the adult complement. Kasarey
glates, “The earclest to appear angd the Latest to
conclude their development in man are those
formations of the necoortex which may be con-
sidered phylogenetically as the most recent and
are associated with the most complex forms of
cerebral activity, present only in man, the integra-
tive and analytical functions,™

LDelphinids are alse Born with brains at an
advanced stage of development. A long gestation
period, about 12 months in bottlenose dolphins, is
needed o the neonate can Swim and engage in
achivitios reguiring a more mature brain. [In eight
Allanlie ooaslal  botllenose |J.||!|::-|‘|'i:|'|$_. risariatal
brain weight averaged 42,.5% of mean adult weight
(Ridgway and Brownson, 1954) (Fig. 3). By wean-
ing age at 18 months, bottlenose dolphin brains
are over B0% of mean adult weight, a stage not
reacned by human braims until 2 or 4 vears. Male
bottlenose dolphing do not reach sexual matuarity



until about 13 vears of age, while females mature
somewhat earlier (Sergeant ef al, 1973 alse sec
Schroeder, Chapter 25, this volume). From the
sparse data available on animals of known age, |
estimate that Atlantic coastal bottlenose dolphing
reach full brain development in 9 or 10 years,
aboul half the total growth period required for
human brains but considerably longer than for
brains of most higher mammals.

THE CEREBRAL HEMISPHERES

The greatest expansion in the nervous svslem in
the course of evolution has involved the cercheal
hemispheres. The hemispheres of cetaceans are
large and enormously convoluted. Although it is
often stated that the hurnan brain is the most
convoluted of all brains re.g., Teyler, 1977), odon-
tocetes exceed humans, and all other arimals, in
convolutedness or fissurization of the cerebeal
corlex; the celacean pattern of gyri and suld is
more complicated than in the homan cerebral
corlex. A much larger proportion of the dolphin’s
cortical surface is buried beneath the exterior of
each cerebral hemisphere. The main sulci that arch
along the dorsal and dorsolateral cerebral surface
are very deep and incised with microgyri. Toward
the core from the sylvian cleft lies an extremely
laege insula consisting of radial gyri arising fanlike
from the transverse insular gyrus, and covered
completely by the frontal, parietal, and temporal
opercula. Ina series of bottlenase dolphing, mean
cortical surface area was 3745 em?® compared with
2275 e’ in a similar sumber of human brains
{Elias and Schwarte, 1965 also ser Haug, 1969,
1870; Ridgway and Brownson, 1934): however, the
delphin®s cortex was 1.3-1.8 mm in thickness,
considerably thinner than the human cortex which
is about 3.0 mm thick. The twotal volume of bot-
tenose dolphin cortex was about 80% of that
fownd i humans.

In cetaceans, the maost primitive of neocortical
regions (Kesarev, 1969), the limbic lobe, iz exten-
save, although the hippocampal formation is much
smaller than thal of man. In the bottlenose dal-
phin’s limbic lobe, the total number of cells is
greater than in the limbic lobe formations of pri-
mates, including man (Morgane ef al., 1982).
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Mevertheless, the limbic lobe of the dolphin brain
s relatively small compared with the remainder of
the neocortex. In the common dolphin, Delphins
felphis, Filimonef| {1965) found that pertarchicor-
b constiluted about 0,4% of total neccortical
sirface area as compared with 1.3% in man, 2.7%
in '-'I-f'E.- and 17.4% in hedgehog, Ermacens. Al
though these percentages are quite different in
dolphin and hedgehog, some authors have drawn
parallels in brain structure between these very
remetely related mammals based on microstrue-
ture and lamination characteristics of the cerebral
cortex ':HEEE:LHI.' ant h‘jatlﬂﬂ_}'l"'-"’- T?ﬁ':',‘ M:_:-r‘é-;.‘.l:ﬂt' &t
al.. 1988, Glezer of gl., 1985),

]T‘:'”'-"""":i"»_[-". principles of brain organizttion s
Lablished by Filimonolff (1945, 1965), Kesarew and
Malofeyeva (1989 have suggested that the ances-
tors of dolphing left land for the sea 70-90 millicn
years ago, before land mammals developed many
mcdern features of brain structure. These authors
have pointed out various similarities in brain mi-
crostructure and osganizalion between dolphing
and primitive insectivores such as the hedgehog,
Mosgane and associates (1986), who have done
even more extensive histological studies, agreed
with Kesarew (1989 and sugeested that the ce-
tacean cortex as a whole does not appear to have
reached the latest stage of cortical evolution, re-
trining all the conservative characters seen in
primitive terrestrial and aerial forms such as
hedgehogs and bats. Cortical laver IV (granular
layer) is absent or at least difficult to identify,
Areas of cortical surface identified as primary
sensory cortex by physiological mapping studies
are agranular and not distinguished on hizstolog:-
cal grounds as primary sensory cortex. Glazer et ai.
(1968) elaborated these ideas into an initial brain
hypothesis, which halds that the dolphin brain is
the rezult of repeated elaboration of a primitive
“initial Brain,” contrasted with more complex de-
velopment seen in the brains of land mammals,
especially primates.

Proponents of the initial brain hypothesis have
generally placed the move of ancestral celaceans
from land to sea much earlier than the fossil record
indicates (see van Valen, 1966 Gingerich ef al.,
1983), and very little independent evidence sup-
ports the proposed cetacean-insectivore connec
tion (Ridgway and Wood, 1988). We suggested
that brains of cetaceans have evelved in PespOnss



-

T sas H. RIDGWAY

to theis wvarious ecological niches and that the
ancestors of celaceans entered the =ea Lo take
advantage of its rich food resowsces after they had
developed large bodies and a predatory lifestyle
on land, in marked comtrast to the small msect-
vores. Ridgway and Wood (1988) proposed that to
the extent that ontogeny recapitulates phylogeny
(Gould, 1977), developmental studies on the ce-
tacean brain would seem to be a rewarding ap-
proach toward I.II'IdI!"T‘H..I:HEﬁI'IE |J.|'||:F:-|'|'ir' brain phy-
logeny. Garey and Leuba (1986) reporled finding a
thin layer IV in the visual cortex of two young
battlenose dolphins, onc 3 vears of age and the
other 18 days old. Laver IV was absent in brains of
ammals age 12, X1, 26, and 33 wears. I these
findings hold up, they sugpest that granular laver
IV 15 & regreszing characteriztic of celacean brain
evolution and would not seem compatible with
the intlial brain hypothesis,

As mammabian braing inerease in size, the nea-
ron density decreazes. According Lo at least three
studies (Hawking and Olseewski, 1957 Tower,
19534; Morgane o al., 1982}, the ratio of glial cells
per nerve cell is correlated directly with brain siee.
In mice, the glialfneuron ratio is arcund 0.2, in
humans approximately 1.8, in bottlenose dolphins
about 2.1, and in fin whales, Balrenoptera physaivs,
4.5, Thus, there is at least a 20-jold decreass n
nevron density from mouse fo whale.

THE CORPUS CALLOSUM

The corpus callosum (CO) i a large bundle of
nerve fibers that connects the two cerebral hemi-
spheres. These libers apparently are important
communication links between the two  hemi-
spheres and are necessary for transmission of
learned behavior from one hemisphere to the
other (Myers, 1958}

Although the average adult bottlenose dolphin
has a brain weighing more than that of the average
adull human, the OO of the dolphin brain is
considerably smaller. Mieto et al. (1976 measured
the cross-sectional surface area of the OO in a
smaller brained dolphin Stenella graffian: (Stenells
attennatn, the pantropical spotted dolphin, Perrin
of wi., 1987), The dolphin brain of B3 g was
compared with a human brain of 1085 g. The

cross-sectional surface area of the human CC was
591 mm* compared 1o 130 mm? for the 5. grafimani
CC, The ©C of the larger Bottlenaose codphin brain
probably has more cross-sectional area; howengr,
gven if braing of identical size were compared, |
potimate Lhat the bottlenose dolphin CC has no
more than about one-gquarler the cross-sectional
area of the human CC.

The finding of a smaller cross-sectional area of
the dolphin CC leads me te conclude that the
dolphin CC is made up of fewer total fibers or thal
the average fiber dizmetier is rnuch smaller. This in
turn implies that, in comparisgen with the human
beain, communication betwesn hemispheres isata
recduced overall level owing to fewer fibers or is
slower becavse of smaller fiber diameters, Bither
conditton. would result in greater hemispheric
i_nde_'ncnde'nr‘v& and E:lr:_1|:m|'|]_'!.' a lesser degres af
hemispheric coordination in the dolphin brain.

DOLPHIN BRAIN METABOLISM

Hockett (1978) states, “Brains are metabolically
expensive and don't get bigger (phylogenetically)
unless in some fashion they are more than paying
for their upkeep.” This statement, supported by
measures of brain metabolism n many verte-
brates, gives mse to these questions: Might the
cetacean brain represent a departure from this
general trend? Could the dolphin brain be large,
but metabolically less active than the brains of
other mammals?

Many authors have found that dolphins have a
higher metabolic rale than average terrestrial
mammizls of similar size {Irving e al., 1941; Pierce,
1970; Ridgway and Fatton, 1571; Hampton of al.,
1971). Opposing evidence has been presented by
Karandeeva of al. {1573) and Lavigne ef al. {1986],
who contend that bottlenose dolphing do not have
high rates of metabolism. | arm skeptical of the
results published by Karandeeva and colleagues
because | question their method: they emploved a
mask and rubber bag placed over the blowhole to
collect expired air from Black Sea botllencse dol-
phins, later measunng the volume and oxygen
content with a gasometer. Karandeeva ef al. (1973
reported mean respiratory volumes ranging from
about 18 to 23 mifkg, values less than half those



reported by Irving of 7l (1941} and Ridgway of a
(1969 for Atlantic bottlenose dolphins and by
I{|;||;;|1.r|1'|;||-| and Correll f]‘?‘ﬂj for Pacific bolllemose
col |-| hins, Their measures of aXVEEn Consumpiions
are therefore equivalently reduced, Bazed on my
own experience in beving o collect bolllenose
dolphin lung volume with a mask and rubber bag,
[ suspect the difference in reported oxygen comn-
5|,|1'npri|:_:-n values hetween Black Sea and Atlan-
tic bottlencse dolphins may be methodological,
Lavigne ef al. (1988) gave more credence to the
Karanmdeewa data for bottlenose dolphin metabolic
rates than to the measurements reported by others
fcited at the beginning of thiz paragraph). In
addition, [ doubt the findings of Lavigne & al
becausze they emploved allometric methods, pro-
cidures which I believe may be questionable [zee
reviews by McMab (1988) and Smith (1984}, with
respecl to scaling the rate of metabolism and
applving such scaling to individual species,

In addition to oxygen consumplion data, there
is other evidence for a high rate of metabolism
The high-protein diet (delphins consume almost
ne carbohvdrates) contributes considerably to a
high metabolic rate. Boltlencse dolphing have
large thyrowd glands (Harrison, 196%) and a high
level of circulating thyroid hormones [FEidgway
and Patton, 1971). Long-term food consumption of
caphve animals correlates well with observed lev-
els of oxygen consumption. The bottlenose dol-
phin studied by Ridgway and Patton (1971) re-
quired over 6000 k caliday to maintain body
weight, Even higher levels of dailv calosic con-
sump::il_m Favve been rc'pu:rl;n:_'n;l h}' ather authors
(Shapunov, 1973 Van Dwvke and Ridmway, 1977;
Cates and Schroeder, 1988).

Bottlenose dolphin: are diving mammals with
the demonstrated capabality to reach depths as
great as 347 m (see Rideweay, 15986k, for a review of
diving depth studies) and to remain submerged
tor more tham 7 minwtes. Alveolar gas tensions
after long dives by Allantic coastal bottlenose
dalphins [(Ridgway ot al., 1969 suggest that the
brain may be capable of short penods of anaercbic
mictabolism, a capability not tound in adult land
rnarmmals that have been studied. Since (his obaer-
vation in bottlenose dolphins, anacrobic metabo-
ligm |'_1_'.-' the seal brain has been demonstrated
during the later stages of a maximal dive (Kerem of
al., 1971; Sinon e of., 1974).
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| was unable Lo confirm anaerehic maetabalism
during hypoxic periods of up o 6 minutes n
anesthetized dolphing. Artericvenous differences
in OXyEen and glul:t‘:qﬁl.- acrnss the d-;:.lp]'"_n beain
woere @i preat as or greater than thosse in the brains
of anesthefized humans. Based on my own data
and thase of Soviel researchers, | conclude that
there is mo basis for assuming dolphin brains have
a lower overall rate of metabelism than do buman
brains. The great fissurization of the dolphin brain
creates a large cortical surface area; the large area
may be essenttal to provide sufficienl surface
contact with the abundant meningeal blood sup-
ply (Wilson, 1933 Ries and Langworthy, 1937,
supporting the cortex’s need for cxygen. The view
Ehat bran st and fissurizabion in odontoostes are
related to diving and the necd to sustain brain
function during prolonged hyvpoxia is, howewver,
weakened by the observation that seals (Scholan-
dier, 19400 and sirenians (Scholander and Irving,
1941), two groups of animals that also dive for
lomg periods, have smaller, less conveluted brains
and a thicker corlex.

THE VISUAL S5YSTEM

Bottlenose dolphins have well-developed optic
nervis and large eyes, and they appear to have
good vision, Rods and cones are present in the
retina. Howewver, there is no distinet fovea cen-
tralis, the retina ks thick, and a layer of giang
ganglion cells (cell bodies up to 150 wm n diame-
ter) appears Lo serve most of the central retina.
Thesze giant ganglion cells support glant dendriles
and myelinated oplic nerve fibers that range up o
B or % pm in dianmeter (Cawson @ e, 15982).

In most mammals, each eve projects the major-
ity of its nerve fibers to the opposite (contralateral)
cercbral hemisphere: however, considerable num-
bers of fibers project to the cerebral hemisphere on
the same side (ipsilateral side). The dolphin may
be an exception to the general rule that crossed
and uncrossed fibers anse from each eve. Each of
the dolphin’s eves probably projects only to the
contralateral hemisphere. This conclusion is some-
what tenuous because it results mainly from two
anatornical studies of one ammal each. Fizst, Hats-
chek (1903, 1960) studied the brain of a caplured
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dolphin that had lost one eve. Using a Weigert-
stained serics of brain stem sections, he observed
total decussation of the oplic nerve across the oplic
chizsm, From this information, he concluded that
dolphins lacked binocular vision, Second, Jacobs el
al. (1975) described a silver degeneration study
carried out on a male botllenose dolphin that had
been enucleated and then vitally perfused after
surviving for 14 davs. With some reservations
concerning the long survival time and the 19%
l:i.iS{t'-EJ.'lat‘..E_'E.' Belwesn pnumbers of fbers in the
epiic nerve and oplic tract of their specimen, the
researchers concluded that the delphin exhibiled
an apparently total decussation of optic nerve
fiberrs, o condition atvpical of mammals butl com-
mon in other verlebratos,

Some  physiological evidence also supports
complete crossing of optic necve fibers, Supin e ql.
{1978) mapped the sensory projection zones on the
dorsal and dorsolateral surface of dolphin cortes,
They found that large evoked potential responses
were obtained from visual cortex when I_igl-ﬁ
flashes were presented to the contralateral eve,
but no such TESPOTGES wird abtained when equiv-
alent flashes were presented to the ipsilateral eye,

Although certainly incomplete, the anatomical
and physiological evidence suggests that delphins
do niet have binocular vision. Langwaorthy (1932),
like Hatschek (1903, cited in Breathnach, 1%960),
doubted that bottlenose dolphins had sterecscopac
vistom, stating that “the development of the visual
cortex compares will with that described by bott
for other mammal: having panoramic vision,” It
appears to e that bottlenose dolphins have some
degree of visual overlap ventrally and rostrad as
well as dorsally and shghtly caudad, Despite these
small areas of overlap in the visual field, the eyes
appear to move independently, McCormick (1969)
cbserved that one eve might look forward and
dorsally, while the other might look rearward and
ventrally, Dawson of al. (1981) reported a physio-
logee investigation which confirmed that delphin
eye movements are not conjugate. Power spectral
density analyses of dolphin eye movements
showed maximal power around (.1 He, lower
than the human counterpart (Dawson et af., 1951).

The dﬂ]]:li"li.l"l. cornaal reflax appears weill dewvel-
aped, and the pupil reacts to light. The retractor
bulbi iz large, and the other extrinsic ocular mus-
cles are present and well developed. The oculomo-

tor nerves are amall compared with the fifth,
seventh, and cighth cranial nerves but are by ne
means rudimentary, The presence of an Edinger-
1-"'|'IE'R|:E:I|‘I.'I| nucleus i ques:iun:sl:lh.-. I’.“u--;;nirrli:::-n aof
the cculomolor nuelei has been complicated by the
presence of a large encapsulated group of cells just
dorsal to the third nucleus, the nucleus ellipticus
(Breathnach, 19607,

In other mammals, except elephants and possi-
bly =eals, the mesencephalic elliptic nucleus ap-
parently haz no homolog. The nucleus appears to
represent an extensive bilateral elaboration of ven-
tral and ventrolateral periaqueductal gray matter.
In at least bwo studies (see Breathnach, 1960) of
ﬂljﬂ']tl':lll:'{':q';i_, ther muelens was described as comsist-
ing of a larger dorsal part and & smaller ventrome-
daal F-t_:-rrin:_:-n. (TS :r|.-|::-q;lr|‘ :i-uEEEETL'd that thie maesdaal
portion of the elliptic nucleus contributed fibers to
the third nucleus and that the dorsal part possibly
corresponded with the nuclens of Darkschewilsch
af other mammals. Fibers (rom the elliptic nucleus
have been traced in a caudal direction in a large
medial tegmental tract as far as the rostral levels of
the tnferior olivary complex.

The functional Hdﬁn:f"u':l.nq‘l* and anatomical con-
nections of the nuclews ellipticus, an unusual
atructure of the celacean bBrain, remain aobscure, A
parallel has been drawn between the complex
nasal sac structure of dolphins and the large trunk
of the elephant, sugiesting that in each the no-
cleus ellipticus may be involved in inoervating
nasal musculsture (Breathnach, 19600, FHowewver,
the nucleus elliplicus appears to have no cear
connections to the facial comples; its association
with the mesencephalic reticular formation, & ma-
trix of tracts and specific nuclei, perhaps makes
idenfification of deficite conmections mone dif-
ficult.

Tha Supenor colliculus  forms an  obvious
prominence in all cetacean species. In many, such
a5 bottlenose dolphins, the superior colliculus is
much smaller than the inferior (acoustic) eoalli-
culus, @ reversal of the size relationship seen in
humans and olker land mammals. The Lsteral
geniculate is readily identifiakle, but in bottlenose
dolphins and commuon dolphins at least, there is
repiorbed to be mo true lamination such as there i
in mammals with binceular connections (Krager,
1934, 1960). Mapping studies by Soviel investiga-
tors have located visual cortex not at the occipital



pole, but in a superior and medial position high in
piarietal cortex {Supin el al., 1978).

DOLFHIN SLEEP

Shurley &t of. [19%69; see also Serafetinides & al,
15721 were the first to fnd evidence supporting
Lilly's {19&4] claim that cetaceans could sleep with
half the brain awake. More extensive research by
Soviet investigators found marked asymmetries in
electroencephalograms (EEC) from right and led
hemizpheres of bottlencse dolphing (Mukhametov
eb el 1977, 1987 Mukhametow, 1984], Muk-
hametow (1984) recognized three stages in the
dolphin EEC: stage 1, desynchronization; stage 2,
intermediate  synchronization  including  sleep
spindles and theta and delta waves; and stage 3,
maximal synchronization, when delta waves of
maxirnal amplitude cocupied not less than 0% of
each scoring interval. Stages 1 and 2 occurred
bilaterally or unilaterally, Stage 3 cocurred in only
one hemisphere at a time. Wakefulness or bilateral
EEG desvnchronization (EEG stage 1 in both
nemispheres) occupied 50-60% of the recording
time. Stage 2, intermediate synchronization, was
sometimes recorded bilatesally, and at such times
dolphins displayed EEG patterns typical of terres-
trial mammals, Mukhametov of al. (1957) report,
"The whole sequence of respiratory movements of
dolphins may be observed during bilateral inter-
mediate EEG synchronization without arousal.”
Rilateral intermediate EEC synchronization (stage
2 in both hemispheres) occupied only a small
percentage of the recording time. Unihemispheric
slow-wave sleep [stage 3 in only one hemisphere],
the main type of sleep observed in the dolphin
brain, occupied 30-40% of recording time, 1t was
stated (Mukhametov, 1984,

We have never recarded bilaberal delta waves in
the dalphin brain dunng natural sleep, The uni-
lateral sleep episades can last mase than2h, . . .
Simullancons J'rre;-n']ir:f_s from the |_'-..'||-‘;¢I,._=|I_ SECIfH-
tal, and frontal fields of the hamispheres confirm
that a hemisphere s :I'l.-.-'.a:.-'.'r. synchromized or de-
synchronized a5 8 unit. Becords from thalamic
muclel demanstmate that the thalamus can aleo
generate slow wave aclivity wnilaterally and con-
currently with I:hr'ipsii“.al:-r'rnl neacortex. Thiss, wnl-
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lateral slowr wave sleep is nat only a cortical, bui
also a subcortical plenomenon

In the most recent paper on bottlenose dolphins
by the group (Mukhametov ef af., 1987), they
quanliﬂed Rln.‘:L"E:l studies of several days' dur.:l::iu::..
Based on EEG signs, the delphins spent an aver-
age of 33.4% af each |,J.a:.-' :|'_-:|-e:g'i'.l.

Dreams cerlainly can be regarded as mental
events, and dreaming in humans has been firmly
connected to physiclogical evenis described as
rapid eve movement sleep (EEM). REM falsa
called paradoxical or dream sleep) has been re-
ported in many marmmals, but in the dolphin there
is definitely room for controversy about its
presence. Mukhametowv (1984) states fatly that he
has never observed REM in many days and nights
of recording delphin EEG, involving 30 experi-
mental subjects over a period of 8 vears: “Tursiops
frincatus and Phocoess plocorns are with the ec-
hidna among the three species in which no para.
donical sleep has been revealed. [t is noteworthy
that the echidna is a secondary terrestrial mammal
amd it ancestors were aguatic mammals” (hMuk-
hametov, 1984; the basis for the assertion that the
echidna is a secondary terrestrial mammal is ot
piven). Six minutes of REM was observed
in a single night's recording of a pilot whale,
Clobicephala mmacrorhynchies (Shurley & al., 1969),
Flanigan {1974, 1975} observed bottlenose dolphin
male nocturnal erections during apparent sleep, a
sign of REM in man and other mammals,

BLOOD SUFPPLY T THE BRAIN

In most mamrmals the internal carotid artery is the
major supplier of Blood to the brin. This is not
the case in dolphins, Their brains are sup-
plied through the massive thoracicospinal retia
(Wiamonte ¢f al, 1968), In its course from heart to
brain, blocd paszes throwugh the retia, Thiz ar-
rangement is thought to have a pressure-damping
function for the cerebral circulation (Magel ef al.,
1968). Meither the internal carotid artery nor verte.
bral arteries supply Blood fo the dolphin braim,
and the circle of Willis is absent (MeFarland ef af.,
15791, The entire cerchral blood supply comes
through a thoracicospinal rete, supplied by inter-
costal and postenor thoracic arteries



bottlenose dolphing in three different tanks at
Paint Mugu, 1 found that switching the direction
of water current in the pool, after the dolphins’
swimmming direction had been well established,
dic mot change the direction of Swimming.

Soon afler capture the bottlenoss dol phins
swarm almost contimuaus ¥ SVEm 1-.-]1||-e: apz‘-nmntl-,
asleep; however, as lime passed most of the
dolphins ceased this continuous swimming and
settled into a surface hanging behavier (see Me-
Cormick, 196%; Ridgway, 1972 Flanigan, 1974)
during periods of rest or sleep. [ have observed six
femitles, adapted to such surface hanging behav-
ior, that became pregnant and delivered live off-
Spring: in each case, the surface hanging behavior
ceased immediately after partunibion, and mother
and calf swarn contimwously in a counterclockwise
circle. Dl'l]'_!.' l:'&t:!l!u:i:il_l:l:.:ll]:_.' did the animals reverse
direction. Females that had relatively straight dor-
zal fins developed a distinet lefeward tilt in the fin
as did their offspring. The majority of bottlenose
dolphins at Sea Waorld in San Diego had lefi-tiled
dorsal fins and swam counterclockwise (L. H.
Coenell, pers. commun., 1954},

According to Balonov et sl (1981 also see
Harmad and Doby, 1977 the direction of rotational
tendencies indicates greater activity of the oppo-
gite hemisphere. When dolphins swim in 3 coun-
terclockwise direction, the rotational tendency is
toward the left and away from the right hemi-
sphere, presumably the one with greater activity.
Those dolphins that circle while asleep should
have altermation of activity between the hemi-
spheres according to the findings of Soviel investi-
gators (Mukhametov & o, 1977; Mukhametoy,
1984}, yet they do not change the direction of
circling, These findings seem to confound the idea
that the dolphing turn in the opposite direction
from the hemisphere with greater activity.

Eve Preference

[n 1964, Adolph Frohn (then of the Miami Seagua-
riwm and an early dolphin traines who tramed af
the first oceananium, Marine Studios of Florida)
told me, referring o bottlenose dolphins, A
perpoise has a looking eve and it is more often the
right one.” I have not made a thorough study of
eve preference, but in observing 27 recently cap-
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tured Baottlenose dolphins, 1 noted that 19 ap-
proached and examined my oulstretched hand
witly thae right zide and eve facing me. Fight eyve
preference is by no means universal, and the
animals often appear to attend the frainer with
both eyes. In the early stages of training. the
dolphin often stations in front of the freines; sinoe
the majority of trainers are right-handed, the
dolphin might be expected o develop a bias
foward the loft eve,

Right eve preferance seems consistent with the
coanterelockivise r;'.-.-'irnmjnﬁ that we abserve n
the majority of captive dolphins. This direction of
swimming places the right eve toward the enclo-
sure wall and toward anv human cutside the tank
who might provide food, other reward, or stimu-
lus. Since the oplic chinsma is completely crossed,
nght eve preference may suggesl a leading role for
the |ef hl'rnisph-ere 1 wision, whereas the coun-
tesclockwise turning might suggest a leading role
for the I-‘Ib,|11 hemisphera i that movement. The
case for counterclockwise tumming is certainly
much stronger than that for rght eve preferance.

With capfive bottlenose dolphing that | hawve
observed, the neonate, especially in the hours
soon after birth, usually swam on the mother's
laft, the side awav from the enclosure walls, as she
swilm counterclockwise, This may be a manifesta-
tion of the mother's desire to keep the neonate
away from the tank wall and other outside influ-
ences such as people. In the wild, prioritics might
be different. Maxwell (1960) observed wild bol-
Hernse dolphins with calves off the coast of north-
ern Scotland, noting that the calves swam to the
right of the mothers.

THE TERMINAL NERVE, OLFACTORY
APPARATUS, AND
CRANIAL ASYMMETRY

Kellogg (1928) suggested that during the aqualic
evolution of the odontocetes, the olfactory nerves
were elfectively shut off from the nanal passages
and did not survive the rearrangement of the shull
and migration of the nazal opening to the top of
the head. MNeurologists have guestioned Kellogg's
idea (e.g.. Edinger, 19535). At this time, we are still
lacking an entirely satisfactory explanation for the
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absence of the peripheral olfactory apparabus. In
early fetal stages, the olfactory bulb, nerve, and
tracts are present. As the felus develops, the
structures degenerate, and theyv are completely
absent from mature odonioecele brains, Although
the more peripheral ollactory components of the
cotaopan  nervous system are absent or rudi-
mentary, other brain  structures  traditionally
thought to ke involved in olfaction are prezent in
the mature dolphin. The olfactory lobes and septal
areas are large; the hippocampus and subiculum
are small. The well-developed entorhinal cortex is
more anteriorly located in the temporal lobe, and
the presubicelum is more posterior than in other
mammals; in general, the rhinencephalon displays
the same basic structural arrangement as in pri-
maates o carmivores (Breathnach, I960; Jacobs of
al., 1971). The seemingly paradoxical presence of a
“nosebrain” without peripheeal connections or
sensory olfactory endings is one of the more
intriguing features of the cetacean central nervous
system. Despite the complete absence of clfactory
nerves in adult odontocetes, the tny terminal
nerves that have bean observed to accompany the
olfactory nerves in many vertebrate species are
present in fetal and adult dolphins (Figs. 4 and 3).

Toothed whales, but nol baleen whales, gener-
ally have an asymmetrical cranjumn (Ness, 1967
Rommel, Chapter 2, this volume]. The nasal open-
ing is zhifted to the left of the cranial midline to
varying degrees, and several skull and head struc-
tures on the right are larger than those on the left.
There is no known reversal of the family-specific
asymmetries on the part of any individual odonto-
cele. A few early authors reported asymmetries of
the brain (see review by Breathnach, 1960}, These
observations often have been discounted bacause
of the possibility that such large brains might be
liable to deformation during long perods of fixa-
fion, However, Ridgway and Brownszon [1984],
using freshly fixed material, found significant dif-
feromees in the surface area of cerebral coriex
between left and right hemispheres in bottlenose
dolphing. The right hemisphere had a significantly
greater surface ares.

The asymmetry of the odontocete skull iz ap-
parently the result of the enlargement of dorsal
elements on the right side. In bottlenose dolphins
fand mnost other odontoeeles), the blowhole is
shifted fo the left of the midline; the nasal plug,

nasal-plug muscle, premaxiliary sac, premaxillary
fossa, and nasofrontal sacs are all much larger on
the right, Weod [1962] proposed that the cranial
asyrnmelry related to the development of a sound-
producing organ and :'J:F-rr'!ﬁenl:e-d_ # modification
of the skull having to do with echolocation {see
alsn Wood and Evans, 1960).

Sleptsov {193Y) F:-mpnﬁ.l-_'llj anather interesting
explanation for the asymmetsy of the skull and
brain of odontocetes based on his studies of com-
mon dolphin, white whale, Deiphmaplerus isicas,
and harbor porpoise, Phocaeng phocoena, embryos.
Sleptsov found, in the dolphin embryo, that the
left olfactory nerve and lobe degenerate maore
rapidly than those on the night, resulting the
cerchral and cranial asymmelries.

Johnson (1914) reported  that the ferrninal
nerves or nervus terminalis (nT) were present in
the harbor porpoise. From a single gross specimen
he illustrated seven strands running in the pia on
the ventromedial surface of the frontal cortex of
one cercbral hemisphere. This brain had been
reemorvind froem Hhe cramium by someons else, and
Johnson could only describe the strands to the
point on the frontal brain surface where they had
been cut off (see Fig. 4). Sinclair (1951a,b) first
described the dural part of nT, the large stellate
ganglia (see Fig. 5. Faving only a skull of a
bottlenose dolphin from which the brain had been
removed, Sinclair described the ganglia as being
large and asymmetrical, and he illustrated the lefi
ganglion as being 3 mm wicle, [Sinclair called the
species he studied a “porpoise.” At least one
recent report (Oelschlager and Buhl, 1983) has
mistakenly inferred that Sinclalr’s specimen was
from a harbor porpoise. In Europe, the term
porpotae is used almost exclusively for the harbor
porpoise and its close relatives; however, this
usage of cetacean vernacular names does not hald
in the United States. Harbor porpoises are absent
from the Texas const whers Sinclair obtained his
specimen, but bolllenose dolphing are common
there and are usually called porpeise locally. Fur-
thermore, Sinclaic's notes in the Blocker History of
Medicine Collections, Moody Library, University
of Texas Medical Branch, Galveston, indicate that
his porpoise specimens were bottlenose dolphins. |
Sinclair was apparently unaware of Johnson's
wirk on the harbor porpoise, since he did not cte
the earlicr observation. Yoshikawa and Makamura
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(1952) found in the botllenose dolphin what John-
son (1914) had found in the harbor porpoise; they
traced nT strands about 7.5 cm, concluding that
the nervus terminalis very likely moes into the
brain just anterior to the -::-pli-: fascicalus.

Sinclair (1966) studied the development and
subsequent atrophy of the olfactory complex in the
delphinid genus Sterella. Inoa 25-mm embryo, he
traced the ol into the olfactory bulk. He found
that later in development the olfactory bulb atro-
phies, leaving the nT alone coursing through the
cribriform area, Buhl and Celschlager (1988) iden-
tified the nT system in embryvos of several species
of odontocetes, In this study and in an earlier
series on the olfactory system of the embryonic
harbor porpoise (Delzchliger and Buhl, 1985),
they found no evidence of a wvomeronasal gys-
tem. Thus, il appears that of the too of nerve com-
plexes that course through the cribriform area
in mosl mammals—olfactory, vomeronasal and
terminal—only the ferminal nerve svstem sur-
vives in odontocetes,

The nT ganglia of the bottlenose dolphin are
large (Fig, 5) and contain several thousand cells
each. There are at least two large myelinated
neuren bvpes, round cells 30-50 wrn in diameter
and elung.;lh' fusiform eells abowt 15 LT ACTES
(Ridpgway ef al., 1967}, Many of the fusiform cells
contain Juteinizing hormone-releasing  hormone
(LHEH]), which has been observed in ferminal
nerves of varous species and has led some ob-
servers to suggest that the nT influences sexual
reproduction (Demski and  Schwanzel-Fukuda,
19671, The nT ganglia of tosthed whales are the
largest nT structures so far identified and to me
Suggest an intriguing q'u-;,:||1:|1'i|::-|1;.'|::|.' question: 'r"-']"l}'
did the terminal nerve survive the migration of the
narez to the top of the head when the olfactory
nerves did net?

THE GUSTATORY SENSE

Because dolphins are regarded as ancsmic, be-
cause the animals usually swallow fish and other
food whole without mastcation, and because,
unkil recently, taste buds had not been fonand an
the tongue of several delphin species, some ce-

CEMTRAL MERVOLS SyaTim B

tologists have doubted that the animals possess
the sense of taste. A presumed gustatory nucteus
of the thalamus and the elaboration of the seventh
angd ninth cranial nerves suggested to neurdanate-
mists, however, thal the gustatory sense is well
|:|.|_“.-'|_=I|:_:-|1|:_'|:I |:|:_'|'. Kruﬁ{*r, 1954,

Histological studies have produced descriptions
of taste buds within five to eight pits that form a
Veshaped tow on the posterior dorsum of the
tongue {Donaldson, 1977; Yamasaki et al., 1978}, In
one study of Sterella coerulroalba, taste buds were
found in the tongue pits of young delphing but not
in those of adults (Yamasaki e al., 1578); in an-
other ﬁ‘.un:i}'_. WD g T 51:5:IE:I|_5-' to the buds could not
be demonstrated (Donaldson, 1977). There still
seams room for doubd that cetaceans have taste
buds such as those present in man and most other
marmals. Nonetheless, there appears to be psy-
chophysical evidence for chemoreceplion by sen-
sers in the tongue or mucous membranes of the
mouth since trained bottlenose dolphins report-
edly can detect chemicals dissolved in seawater
(Machtigall and Hall, 1984}, MMore study is necded
on the epithelium and sensory endings of the
tongue and oropharynx and espedally on the
Veshaped row of pits found in the tongue of
dolphins.

Iry most mammals, the facial nerve, which is
well developed in cefaceans, attends taste Lo the
anterior fwo-thinds of the tongue and carries se-
cretomotor fibers to salivary glands. Pores of
glands present within the pits, and numerous
gland orifices clearly visible on the dolphin tongue
and oropharynx, secrele a viscous mucoid material
which does not readily disselve in water. The
presence of salivary glands has been doubted by
several authors (sce Breathnach, 1980), although it
is possible that some of the small glands in the
tongue or pharyngeal ares are salivary. For
amimals with a diet almost completely devoid of
carbohwdrates, and which swallow their food
whaole, the absence of salivary secretion would not
seem a great handicap. In dozens of dissections, |
have nol found salivary glands in the bottlenose
dolphin; moreover, [ have observed thal a triangu-
lar structure along the dorsal margin of the masto-
humeralis muscle, dentified as a p-am‘.i-:l S-c'l]i‘.-'iIT_'."
gland in at least one earlier report on the pilot
whale (Murie, 1874}, has the histological structure
of a lymph node.
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THE SENSES OF TOUCH,
TEMPERATURE, AND PAIN

The second I:!r:i;l_"_-;l: cranial e, the 1r.|gl.4:|:r|1:.:||
nerve, which is exceeded in size only by the
auditory nerve, has a prominent ganglion. The
sensory trigeminal complex is beller represented
than the general body somatosensory representa-
tion. The tactile thalamic region is reduced com-
F\.:l:rl.-\d with that of many ather mammals. The
arcuate division is more developed than the exter-
nal |;|i1.ri:_~.i|:_:-n_, n:fln:_'rl'inE_ a greater n-|'|'r|.='5|.*n|‘:||‘i-;'|n of
the f[ace in animals that have relatively large
bl s,

Encapsulated nerve endings, especially numer-
ous about the head and snowt, around  the
blowhaole, and encircling the anus and genital slit,
are found in the superficial portion of the dermis
[Falmer and Weddell, 1964; Harrison and Thurley,
1974}, Fetal bottlenose delphins have several hairs
on either side of the snout or upper lip, but these
fall out around the time of birth leaving only
whisker |'.z-'i|!:_- |:1:|n=|_1_.' visible in adult anemals. On
histological section, these pits cam be seen o
confain the remnants of the hale and a good nerve
,5|.||::-|:|]_',.'.

Spveral studies have been done on factile sen-
sivity of small odontocetes (Lende and Welker,
1972; Kalchin and Bel’kovich, 1973 Hidgway and
Carder, 1939). Evoked potentials to stimuli such az
vibrating, tapping, stroking, or dripping water on
the skin have been recorded from the contralateral
somatosensary cortex of the bettlencse delphin
(Lende and Welker, 1972). The areas of greatest
skin sensitivity were on the head: the uwpper and
lower lip near the commissure, arcund the eyes,
and around the blowhole. Stimuli to the body
trunk and tail produced very minimal evoked
potentials. Soviet investigators used the galvanic
skin response (GSR) to stmuli produced by a
0.3 mm weighted wire to make a partial map of
body skin sensitivity in the common dolphin (Kel-
chin and Bel'kovich, 1973). Of the body portions
studicd, separate circular areas of about 5 ©m
diameter arcund the blowhole and eves were most
sensitive (10 mg/'mm?] while the snout, lower jaw,
and melon were Tound to be somewhat less sensi-
tive (10-20 mg."mm:]; the skin along the back both
anbeEror and ]:ll.'&-:!‘.'l:l.*rif&-r tor the dorsal fin was even
lezs sensitive (20—40 mg/mm®). The authors con-

fadered their values for the threshold of senstiviby
to touch around the dolphin eves and blowhole b
b similar o these of 2 human in the most sensi-
tive skin areas, namely, the tactile surfaces of the
fingers, the skin of the eyelids, and the lips
(Eolchin and Bel'kovich, 1973). Physiclogical map-
]'.linj-; stucdics have locatesd the '\iI_I:I:LH‘lll'J.‘iHrISI:I]'}' oor-
tex of bottlenose dolphins in an area posterclateral
to and bordering the motor cortex and anterior
o and bordering the visual and auditory cortex
(Supin of al., 1978).

Mo systematic studies have been done on pain
perceplion or sensitivity to temperature; however,
I have made rough observations during the veteri-
nary care of bottlenose dolphins and have com-
pared these with similar observalions of domestic
animals such as pigs or horses with which I have
also had some experience. T have f[ound that
bottlenose  dolphins are  sensitive to pain to
:'-:.l_l_ghl:.-' the same extent as are F-'i;.-_;.': ar harses and
must be anesthetized for surgical procedures.

THE FACIAL NERVE

The main facial nueclews lateral to the superior olive
is large and conspicuous (Breathnach, 1960), The
dolphin facial nerve is well developed and appar-
ently supplies the extensive musculature  of
the Blowhole, nares, and  nasal-sac  svstem.
Langworthy (1932} states, “The facial nucleus is
large and the cells are subdivided into groups;
each group apparently supplies a single muscle of
the facial group.” Since sound production is so
important to animals thal use echolocation and
rely on sound for undenwater communication,
such development is nol surprising.

THE SPINAL CORD

Because the spinal cord carries libers Lo and from
most of the body, most of the regulatory and body
montloring functions of the brain should be repre-
sented in the cord, Most reptiles and fish have
more spinal cord than brain, while mammals have
braims that are much heavier than the spinal cord,
YWorden [1951] F:-rc‘:-r:-::lﬁl.*d thve ratics of Brain WELEI"I.[



B 5|_‘.-i:'::|| aozd '-'-'l:'ighl as an index of 1'11|.q.'|::l|'|a:.i-
zation that might be correlated with intelligence
across species, The brain to spinal cord ratio 1=
higher in the bottlenose dolphin {Fig. &) than in
any other speces measured thus far except for
e sapiens. The ratio is abowt 501 in humans,
40; 1 in bottlenose dolphing, 31:1 in Pacific white-
sided dolphins, 26:1 in Dall porpoases, Phocoe-
worde: dalli, B:1 in the IACAgUE o k':“:r'.- foacacus,
and about 4:1 in cats, Felis domesticas (Ridgway of
al., 14966 |[Wirs [T‘};."U:I '|:l:|'E'5E'I'|lEd an index of
cerebralization relating different parts of the brain
that ranked odontocetes along with humans at the
highest level]. Of course, whether or not the ratio
of brain weight to spinal cord sweighl can be
correlated with intelligrnoe across speces must be
evaluated by independent behavioral and physio-
logical means.

The .ul::-i:n::| cord of one bottlenose  dolphin
erided at abowt the third lombar vertebra I:Ridg-
way, 1968). The spinal cord is nearly cylindrical
I;'g'l;pt_':l_lj;h-;_ulr. The ventral columns of white matter
are strongly developed. Clarke’s columns are
fused inte a single median nuclews, at least in the
caudal part, The pyramidal teact 18 very small. The
cortical projection into the cord is rather small;
however, there seems no doubt that corticospinal
fibers are present and form a crossed projection,
Muscle spindbes hove been identified in dorsal
epaxial muscle; the morphelogy of the spindles
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and peuromascular j1:|:'.|.".'i;:-1'..=~ :|||]1u:|ne'|:'. simmilar to

those of other marmmals {Tualsi, 1973,

THE PINEAL, MAMMILLARY BODIES,
AMND PITUITARY

In numerons dissections of odontocete brains, |
have never found the pineal body, which has been
considered absent by most observers of the odon-
tocete Brain (Breathnach, 19600, Thiere s one fe-
port of a small pineal (displacing about 1 cm®)
from a myalicete, the humpback whale, Megaptera
nowaennglise (Gersch, 1938), The organ is also
present in embryonic stages of the blue whale,
Balackaprers wmuscrins, Gross expmination of the
bottlenose dolphin brain does not reveal ma mimil-
Lary bodies, but mammillary nuclei are recognized
histologically. The pituwitary iz well developed. The
adenchypophysis and neurohypophysis are com-
pletely separated by a dural seplum.

THE CEREBELLLUM

The absolute size of the cerebellum of the largest
mystoetes, without free digts and presumably
without fine movements, is huge, approximately

SPINAL CORD
— —""
e S i
IO A I |
5 1]

Figure & Bostlenese dolphin brain and spinal oord which was dissected out as 2 unit. The cosd ended at about the thind
lumbkrar vertehra. (From dissections by Eobert Fo Green and the author.}



HE  sap H., RIDGWAY

1500 . In these species, the cerebellum may be
more than 20% of total brain weight; in the bot-
Uenose dolphin, the cerebellum s more Eypically
akssut 155 of fotal brain '.-'-'E'ip___hl L"\-::-n':-_:-.'ln;'n;i, wikhy
about 11% in humans. In the embryonic slage, the
q,:l-:_:-|]'.|'ni.n cerebrum and cerebsellum are abowt n:qu.a]
in width., According to paleontologists, the early
forebears of modern celaceans were the first giant
mammals adapted to hife-long swirnming. Fossil
studies have shown that these ancient cetaceans
already had a very large cerebellum that was much
wider than the cerebrum {Edinger, 19551 In mod-
ern odontocetes, the cerebrum has so enlarged as
b cover the anlerior portion of the cerebellum,

In comparison with the anatomy of the cer-
ehellum of terrestrial mammals, the lobus simplex
and paramedian lobule of the cetacean are much
larger (Jansen and Janzen, 1969 The parafloc-
culus and nucleus interpositug, in these compara-
tive terms, are enormous. The hemispheral parts
of the anterior lobe, the Aoceulonodular lobe, the
lateral nuelews, and the ansiform lobwele are rela-
tvely small. [n the same terms, the medial nucleus
15 moderately developed,

Lange (1973) has studied cell numbers and cell
densities in the cercbellar cortex. He made com-
parisans between humans and varous mammals,
attaching particular significance to the ratio of
I_"“ui'kinjg: calls & E:rar'lu]E' calls. ].ﬁ.rlgl.- Foazrnd patins
of 1:39491 in human, 1:1898 in rhesws monkey,
Meswee muladhe, 1:1812 in bBottlenose dolphin,
1:1790 in pilot whale, 1:1508 in cat, amd 1: 608 10
hedgne hog.

THE AUDITORY 5YS5TEM

Auditory structures are generally larger in edonto-
cete braing than in mysticete brains (Brealhnach,
1960). Hypertrophy of the auditory system may be
the primary reason for the delphin®s large brain.
The medial geniculate is abowt 7 times, the inforior
colliculus (Fig. 7) s 12 times, and the nuclews of
the lateral lemniscus of the dolphin is ower 250
times as large as the equivalent structures in
humans (see Bullock and Gurevich, 1979, The
wventral cochlear nuclews and some other bramm
stem nuclel also appear massive when compared
witl thee human l;'qui'.'al,l:n ts. The cotacean 31.1d|.|:l.'l:l":_n'

nerve his several times as many fibers as the
eighth nerve of man. Studies of fiber spectra have
revealed larger myelinated fibers in odontocetes
than in mysheste whales which in turn have larger
eighth nerve fibers than humans. Fiber diameters
have been measured using light microscopy. Plots
of fiber diameters have shown that the largest
numbers of fibers in the sighth nerve of the sperm
whale, Physeter crtedon, are aboout ¥ em in diame-
tir, in the bottlenose dolphin about 7 gm, and in
thee fin whale about 5 g (Jacebs and Jensen,
19841, Auditory tracts reaching the cerebral cortex
are extensive. Some observers of the dolphin brain
suggest that the cerebral cortex may have reached
its great development on the basis of acouslic
input (Langworthy, 1932; Wood and Evans, 1550},

Mapping the Auditory Cortex

Soviet investigalors located  exlensive auditory
projection areas on the dorsal surface of each
hemisphere about 1.5-3.0 cm lateral to the sagittal
fissure between the hemispheres [(Supin e al..
1978). Thus, compared with the brainz of most
land mammals, a difference appears in the dol-
]:uhi_n"s braim which indicates an apparenl shifting
of the auditory area from the temporal to the
parietal lobe and the dorsum of the hemisphere.
Diata from evoked potential studies saggest the
presence of both prmary and secondary awditory
cortex, whereas histological investigation does
not. On physiclogical grounds, bats also exhibit
complex organization of the auditory cortex {Suga,
1984}, Yet, like the dolphin, bats reveal to the
histologist a more primitive level of cortical devel-
opment than, for example, carnivores or primates
{Morgane o al., 1986; Glezer ¢t al., 1988). The
extent of suditory cortex in delphins may be
greater than that indicated in the Soviet mapping
experiments. A tonotopic map of the cochlear
projections on the dolphin cortex has not been
done; nor have complex stimuli of different delays
or rise limes or other acoustic charactenstics been
used in attempts to find areas of cortex spedalized
for specific information resembling those found in
bat cortex. Therefore, it 15 entirely possible that
further auditory projection areas will be found in
ternporal cortex, which, in the deolphin, is less
accesstble than the dorsal area that has been
mapped. :
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Hearing and the Ear

The mammalian ear evolved for hearing in air. [n
assuming the aquatic mode, cotaceans have un-
dergone modification of this aenal svstem, and
hearing apparently has become their most highly
developed zenze. When the distant ancestors of
cotaceans entered the water, they almesl certainly
could hear high-frequency sounds by bone con-
duction. Human divers can hear high frequencies
underwater, but, because of the upper-frequency
limit of human hearing, they have no pitch dis-
crimination in the wllrazonic region above about
21 kHz, The evolution of the cetacean ear appar-
ently has been a process of enhancing those char-
acteristics which allow for greater high-frequency
hearing sensilivily and complex auditory process-
i:I'IE{. .ﬁ.z:lrli-:_:g:r::m:— d-e'!'l.-'&h‘:-]'u'c! b:.- hoth behavioral
and electrophyvsiological technigues have shown
Lthat bottlenose dolphing respond to frequencics as
high as 130 kFlz, with greatest sensitivity between
aboul 40 and 1) kHz ( Johnson, 1966; MoCormick
et al., 14970,

The pinna is lacking, and the external auditory
meatus apparently has become a vestige (Morris,
1968; Bullock et al., 1988). The essicular chisin is
stff, and the malleus does not attach directly to
the tympanic membrane (MeCormick ef of ., 1970).
The basilir membrane of the cochlea is relatively
lomg [35-20 mm) and very narrow near the basal
end (25 gm), The number of inner hair cells in the
delphin cochlea is about the same as, and the
number of outer hair cells only slightly greater
Lhamn, those in the human cochlaa, buat the nuember
of ganglion cells is much greater. The ratic of
ganglon cells to hair cells {inner and outer) 15
roughly 3:1 compared with 2:1 in humans
[Wewver et al., 1971).

Echolocation

Eesearch on dolphin echolocation done since the
late 19308 has confirmed an earlicr suspicion. Men
who collected the first permanent captive colony
of bottlenose dalphins at Marine Stodios im Florida
in the late 1930 and 19405 suspected that thess
amimals possessed some sort of sonar or echolo-
cation ability (McBride, 1956). Subsequent studies
(Felloge, 1958, MNorris of al., 1961 Evans and

[Fovredl, 1967 have shown that blindiolded bot-
Hamignse :Ilfph'in" an mnke E:u:l_n_1:||_|-|1_- fine discrime=
inations over underwater distances up b at least
100 m CAw, 1980} by emploving trains of hi igh-
Fr{'n:||,.|{':|'||.'l.-' ||.|-:_l:5 |;"'|_1|rl:|_*~{‘| Fr\-:_'nm the nasal ‘\-".’&-tl_"
and directed forward in a .I'E|:||.‘|_3.I marrow beamm |_h_|_|_
amdd Moore, 1984; An of el T9ES),

Acoustic Processing in the Brain

Electrophysiologacal experiments with dolphins
have shown that temporal resolution of successive
sounds iz extremely rapid and that very small
changes in stimulus frequency altered evoked
potential (EP) amplitude and wavelorm [Bullock,
et al., 1968). The typical midbrain EP of the bot-
tenose -:u:l]phm appears specialized for ultrazonic,
ultrabrief, fast-rising, closely spaced sounds like
the echalocation chicks. |!DI|-':-'-I_"||-'I_"F_, ot sevpral carp-
bral locations (mainly in the posterior lateral tem-
poral corfex) long latency, long duration, slowly
recovering EPs have been evoked by lower fre-
quencies, with either fast or slowly rising acoustic
envelopes (Bullock and Ridgway, 1972). This sug-
gests dual analysis systems, one spedalized for
the ultrasonic click and the other for lower-
I:reque.l::n.'_gr sonncds, such as the whistles and
squeals produced by many of the smaller odonto-
SEbes G Caldwell &f al., E-.I'IHE:IIZI."F 100, this wolumme),

The auditory brain stern response (ABR) can be
recorded from electrodes placed on the skin sur-
face or placed subcutanecusly over the dolphin
cranium. The click-avoked ABE of the bottlenose
dalphin consists of 7 waves within 10 mseconds,
numbersd by the positive peaks at the vertex (Fig,
&} This ABR corresponds well, in respect to num-
ber and order of the peaks, with ABEs in other
mammals, The dolphin ABE waves are consis-
I:-E‘:I'ﬂ]_‘:.' La:ge, qomelimas l:vEc‘ll'ﬂul:l.E an a|1'|i:l|'i'.1:||:5|.' af
10wV, The waves decrease in amplitude and
increaze in latency as click stimuli are attenuated.
This feature makes it possible to employ the ABR
to test dl.'!llj.‘lhl.r'l. I"L-E'a:rl.r'lg I:Rldgw.l_'r efF al., 19K1:
Fopow et al., 1984). The latency—intensity function
is rather flat, compared with those of other spe-
cies, Braim stem transmission fime (BTT) is consid-
erably fasler in the bottlenose dolphin (with a
mican brain weight arownd 1500 ) than ia humans
or domestic cats and is similar to that of the mat
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Figure B Comparison of o tvpical dolphin auditory
brain stem response (ABR) with ABES from cat, monkey,
and human, All sesponses reprosent a 1l-msecond bme
base which is slightly different for each species. The
wertical Broken lime at the left passes throwgh presum-
ably similar components, the auditery neree deflection,
Wave 1. (From Ridgwa}' et dl., 19H1.)

(Ridgway e i, 1981). Dwespite a much longer
nerve pathoway, BTT in the dalphin is egual to or
faster than that in much smaller-brained species. It
has been suggested thal, owing to larger auditory
mvelinated-fiber diameters, the axonal conduction
velesity s higher by just enough o compen-
sale for a longer path in the dolphin brain stem
[Ridgway ef al . 1981).

An interesting problem that might be invest-
gated with the ABR concerns the increaze in fiber
diameter with increasing brain size, The largest
delphinid, the killer whale, Orcinus orca, has a
brain about four times larger than that of the

CENTRAL NERVOUS SYSTEM a0

hoitlernase dﬂl||.'lh|.|'| (AO0D weggws 1500 il and per
haps ten times larger than these of some smaller
dalphimids, BTT in this lazge brain may be kept
shorl by increased fiber diameters in the auditory
pathwiy.

The above findings suggest that the dolphin
brain is specialized for rapid processing of audi:
tory stimuli (e alzo Bullock of ai., 1968; Bullock
and Rju:l_ﬁwa}', 1972y, It gil.-l._:rl. -e'!:u‘rug'h fie, bhe
human auditory ayatem seems to perform as well
o some echolocation tasks (Fish & al, 1978).
Indead, when pulses similar to dolphin echolo-
cation pulses were projected at targets by instru-
mented divers and the received cchoes stretched
128 times (anfamount to @ slowed-down tape
recording and therefore reduced equivalently in
frequensy), human divers performed with as few
ercors as bottlenose dolphins in distinguishing
mckal targets of COpPT, brass, or aluminum and
geometrical aluminum shapes covered with neo-
prene rubber (Fish o al,, 1978}

Studies with static metal targets may give only
limited detail of the dolphin's echolocation prio-
ceasing ability. For example, the unnatural targets
coubd well be o frctor, Hoseaver, U the findings of
Fish ! al. (1976) are a fair comparison of echolo-
cation ability and based onoa sonar discrimination
task that is difficult for dolphins (and 1 have some
doubt that thev are), we must conclude that the
major accomplishment in the senar processing
compoenent of the dolphin auditory svstem is the
abality to process sound rapidly.

Mackay {19671 has El_lgﬁfs‘lﬂi! it d-:'&l|].‘lhi.|'|5 may
employ phase information in sonar defection.
Johnzon {1967) has claborated on the advaniages
of phase detection for echolocation by dolphing
(Evans amd Foweell, 1967; Au, 1980}, Wever ¢f 7l
(1971) suggested that “the representation of de-
tailed high frequency sounds, and especially their
time and phase relations, may well be the basis for
the dolphin’s remarkable faclity in echolocation.”™
Since no prool existed, however, that the dolphin
auditory system is sensitive to phase atl the high
frequencies used in echolocation target detection,
we attempted to fest the delphin capability for
phase detection using the ABR (Ridgway e al.,
1981}, Rewversing the phase of single sine waves
deliverad to the hydrophone revealed a small but
consistent difference in response between inditial
compression clicks versus initial rarefaction clicks,
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suggesting that the dolphin auditory svatem might
be capable of detecting phase even at high fre-
quencies.

Euga'ﬁ |:]'§'H'!|:l réesearch has revealed an intricate
crganization of auditory cortex in bats, and b has
suggested not only that equally complex organiza-
fion may be present in other auditory systems of
animals but alse that human auditory cortex may
show similar amangements for processing the
complex sounds of speech. In Suga’s bats, com-
plex sounds are processed by neurons tuned fo
combinations of information-bearing elements or
parameters in the sounds. For example, areas of
cortex are tuned to particular echo delavs and
particular echo amplitudes, Neurons tuned o
specific information-bearing parameters (IB"s) or
combinations of IBPs are clustered in areas of the
cerebral cortex and systematically arranged along
axes or in coordinate systems for representation of
sounds that are biologically important to the spe-
cies (Suga, 1984).

It seems likely that equally complex sound
processing takes place in the dolphin cortex, If
g0, the mapping experiments conducted to date
{Supin ef al,, 1978), though they showed certain
differences of response in three areas of auditory
cortex, may not have bren of sufficient acoustic
defail to reveal systemalically arranged axes of
specific  delay-sensitive or amplitude-sansitive
neurons and thus do ot reveal the full extent of
cortical organization. Possibly, surface segments
that were not responsive in the mapping experi-
ments (Supin et al., 1978) contain neurons tunad 1o
more specific acoustic parameters tham those
Lested.

Detailed organization of auditory cortex des
scribedd for bats may be egually or even more
complex in dolphins. If s0, the dolphin cortex
must map an extensive swrrounding area of the
environment with specific acoustic parameters.
Actording to Suga (1984), mustached bats (Plero-
nofus parmellil) map an area of only about 3 m, and
target distances of 30-140 cm are best represented;
on the other hand, dolphing, with an echolocation
range of 100 m or more, probably map a large area
of their surroundings for specific acoustic parame-
ters, Since sound travels over four times as fast in
water, neurons performing equal echo delavs of X
mseconds will represent Y mina batand 4¥ mina
dolphin, Specific neurons forming such axes may

take up considerable space in the cortex and could
b a major reason for the great expansion of
neocortex in the dolphin, I additon, [ have
mentioned varicus findings, for example, the large
drameter of E'Lll.il.ll.'u":' TV :|"i|;:«c::5r the short la Lemey
and the relatively flat latency-intensity function af
the dolphin ABR waves, and the rapid temporal
resolution of successive sounds, that lend Support
to my view thal much of the great hypertrophy of
the dolphin auditory system—and perhaps of the
cntire cerebrum-—resulis from the animal's need
fior gresst precision and speed in processing sound,
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